ABSTRACT ÔBubblingÕ behavior, or the regurgitation of liquid from the crop through droplet formation on the proboscis, has been observed in many nonblood feeding dipterans. One factor that has been identiÞed as a cause for ÔbubblingÕ is the concentration of the solution ßies ingest. The hypothesis presented in this paper states that male ßies ingesting more dilute solutions will exhibit more bubbling behavior than those that ingest a less dilute solution. Concentrations tested were a high concentration of 80% sucrose solution and a low concentration of 20% sucrose solution. Males only were tested to avoid any confounding effect of the females need for energy sources for reproduction. Male ßies that ingested the 80% sugar solution showed 45% of the ßies tested bubbling, which was signiÞcantly different from the ßies that ingested 20% solution, which had only 5% of the ßies bubbling. No signiÞcant weight loss or percentage of weight loss was observed between bubbling and nonbubbling ßies for either sugar solution concentration. Results comparing a high and low concentration of sucrose do not support the theory of elimination of excess water loss to concentrate dilute solutions or the "dilute solution hypothesis". Other factors, not identiÞed previously, that could contribute to bubbling, are changes in osmolality, utilization of blood sugar (i.e., trehalose), and the regulation of the proventricular valve.
results showed that EHEC was detected for several days in the alimentary canal, mouthparts, crop, and excreta of house ßies, thus demonstrating they were possible vectors of EHEC (Kobayashi et al. 1999 , Sasaki et al. 2000 . Also, Geden et al. (2008) showed that horizontal transmission was found to be the more likely path over vertical transmission of the salivary gland hypertrophy virus (SGHV). Regurgitation (aka ÔbubblingÕ) was one horizontal transmission method of the vector that was addressed by the study as an important contributor to the spread of SGHV.
However, although a great deal of evidence supports that regurgitation spreads pathogens, little is known about what causes bubbling behavior to occur. Hendrich et al. (1992 Hendrich et al. ( , 1993 extensively studied bubbling behavior with the apple maggot adult, Rhagoletis pomonella (Walsh). Their studies provided substantial evidence that bubbling behavior is attributed to the elimination of excess water weight to concentrate "dilute food to allow hungry ßies to feed further on dilute food sources and thus also reduce probable costs associated with movement in an engorged state" (Hendrich et al. 1993) . They also provided evidence in support of the volumetric hypothesis by Dethier (1976) of drinking control in ßies (Hendrich et al. 1993) . As to what causes bubbling behavior, Hendrich et al. (1992 Hendrich et al. ( , 1993 state that "bubbling behavior is determined by liquid food volume and degree of dilution, hunger, and temperature".
Research conducted by Stoffolano et al. (2008) speciÞcally set out to discover the relationship of volume of ingested liquid in the crop to that of bubbling behavior. Findings suggested a positive correlation between the two. When volume of ingested liquid increased in the crop, a higher incidence of bubbling behavior was observed. Also, their study suggested, "a need to reexamine the role of solute concentration in bubbling", which has inspired this study. The hypothesis presented here states that ßies ingesting more dilute solutions will exhibit more bubbling behavior than those that ingest a less dilute solution.
Materials and Methods
Collecting and Maintaining Flies. The ßy colony was maintained as described at 27ЊC, 50% RH, and a photoperiod of 16:8 (L:D) h (Stoffolano 1974) . Colony ßies were given granulated sugar, and water separately according to Stoffolano et al. (2008) .
Obtaining and Handling Flies for Experiments. Extensive research on the role of nutrition in both sexes of Phormia regina shows that both males and females require a protein meal to activate the endocrine centers involved in initiating mating behavior, development of the accessory reproductive glands, and egg development Stoffolano 1990, Stoffolano et al. 1995) . Both sexes obtain their protein in the Þeld by eating feces , thus both are capable of carrying pathogens to food. Greenberg and Stoffolano (1977) showed that females have a greater total daily mean intake of carbohydrates with respect to age, and because of this added confounding effect of increased nutrient demand, whether carbohydrates or protein, for egg development by the female, only 4-d-old adult male ßies were used to conduct experiments. Day of emergence was deemed day 1. Experimental ßies were chosen from recently emerged ßies; and, on the day of emergence were placed in a separate holding container with available food of a 20% sucrose solution for 2 d. They then were starved on the third day and were given nothing in the holding container for 20 Ð24 h to ensure they would consume the solution being tested.
Testing Flies. Flies were tested on the fourth day. Six to ten ßies were selected from the holding container. Each was then enclosed in its own individual 29.6-ml plastic container with a plastic lid and, placed in a freezer for 1Ð2 min for cold immobilization. Once immobilized, they were sexed. If 6 Ð10 males were not chosen, other ßies were cold immobilized and sexed until only male ßies were chosen. While still cold immobilized, each ßy was individually weighed on an OHAUS Analytical Standard balance (Ohaus Corporation, Pine Brook, NJ) and placed back in their container. Then the 6 Ð10 individual containers were lined up with lids facing down. They were numbered and placed on a white sheet of paper for better contrast against the dark lab table.
Next, using a Drummond 10 l micropipette, 10 l of an already prepared solution at room temperature and the concentration to be tested, were dispensed on the center of each lid while ßies still were immobilized. Red food coloring was added to all solutions tested to enable easier observation of bubbling droplets. Thus, bubbles observed were pink to red in color. After each ßy Þnished drinking 6 Ð10 l of solution, that time was recorded.
Immediately after ingestion of the solution, ßies again were cold immobilized in the freezer and reweighed for a postfeeding weight. The prefeeding weight was then subtracted from the postfeeding weight of each ßy. Any ßies that did not ingest 6 Ð10 l of the solution in weight were not included in the experiment. All ßies were observed for 150 min after the ingestion of 6 Ð10 l. If bubbling behavior occurred, the time that the ßy began to drink was recorded followed by a recording of the number of bubbles observed. When bubbling completely Þn-ished, meaning no bubbling observed for 10 min, that time was also recorded. After 150 min, both bubbling and nonbubbling ßies were cold immobilized one last time and weighed for a Þnal weight.
Concentrations and Weights Calculated. The variable in this study was the concentration of the solution given to the ßies. Sugar solutions were tested at high (80%) and low (20%) concentrations, in which a 20% solution contains 20 g sucrose per 100 ml of water and 80% solution contains 80 g sucrose per 100 ml of water. To determine the weight of the two sucrose concentrations imbibed, the average weight of 1 l of each solution tested was calculated by taking the average of 10 weighing replicates for each amount of the solution and then that weight was multiplied by six to get an estimated weight of 6 l for each solution.
Osmolality. Osmolality of each concentration was determined by using a VAPRO 5520 vapor pressure osmometer (Wescor, Logan, UT). For each concentration, 10 replicates of 10 l were performed using the osmometer. Values calculated were recorded and then averaged.
Statistics. An independent two-tailed test assuming no difference between ßies ingesting 80% or 20% solutions were performed except if proportions were compared. Proportions were compared using a twoprportion z-test.
Results
Effect of High and Low Concentrations. Flies that were fed 80% sucrose solution resulted in 45%, or nearly half of the ßies tested, exhibiting bubbling behavior. Flies fed 20% sucrose solution resulted in only 5% of ßies tested exhibiting bubbling behavior (Table  1) . Additional data were obtained from each ßy tested for both concentrations including the initial weight of the ßy, weight gained after ingesting the solution, weight loss after 150 min, percentage of weight loss, number of bubbles produced after 150 min, time to initiate bubbling, and duration of bubbling until 150 min. It is important to note that the number of bubbles and duration of bubbling data were ended after 150 min for all experiments, meaning that some ßies could have bubbled more after the end of the experiment, but it was not recorded. Results are summarized in Table 1 .
High Concentration (Sugar). Bubbling Flies. Bubbling ßies that ingested the 80% sucrose solution had an average initial weight of 0.0265 g. The average weight gained by ßies was 0.0102 g. The average weight loss was 0.00166 g. The average percent weight loss was calculated to be 16.8%, whereas the average number of bubbles counted during the experiment time was 37.8 bubbles with an average time to initiate bubbling being 73 min. Average duration of bubbling was 45 min.
Non-Bubbling Flies. Nonbubbling ßies that ingested the 80% sucrose solution had an average initial weight of 0.0309 g. The average weight gained by ßies was 0.0104 g. The average weight loss for ßies was 0.00165 g. The average percent weight loss was 16.6%.
Low Concentration (Sugar). Bubbling Fly. Only one ßy that ingested a low concentration solution bubbled. Thus, the average data obtained is the data from that ßy. The average initial weight was 0.0295 g. The average weight gained was 0.0112 g. The average weight loss was 0.00180 g, and the average percentage of weight loss was 16.1%. The average number of bubbles was 1.00 with an average time to initiate bubbling being 91 min, whereas the average duration was 1 min.
Non-Bubbling Flies. Nonbubbling ßies that ingested the low concentration of sucrose had an average initial weight of 0.0314 g. The average weight gain was 0.00985 g and the average weight loss for ßies was 0.00290 g. The average percentage of weight loss was 26.9%, Comparing High and Low Sugar Concentrations: Bubbling and Non-Bubbling Flies. Percentages of ßies bubbling was signiÞcantly different between the 80 and 20% concentrations (z ϭ 2.92, P Ͻ 0.05) with those ßies that ingested 80% concentration bubbling more. Bubbling ßies that ingested the 80% concentration, compared with the bubbling ßy that ingested the 20% concentration, had no signiÞcant difference in initial weight (t ϭ Ϫ0.555, df ϭ 8, P Ͻ 0.05), weight gain (t ϭ Ϫ0.492, df ϭ 8, P Ͻ 0.05), weight loss (t ϭ Ϫ0.1632, df ϭ 8, P Ͻ 0.05), percentage of weight loss (t ϭ 0.0832, df ϭ 8, P Ͻ 0.05), average time to initiate bubbling (t ϭ Ϫ0.765, df ϭ 8, P Ͻ 0.05), average number of bubbles (t ϭ 1.55, df ϭ 8, P Ͻ 0.05), and average duration of bubbling (t ϭ 1.33, df ϭ 8, P Ͻ 0.05). Nonbubbling ßies that ingested 80% concentration, compared with nonbubbling ßies that ingested 20% solution, had no signiÞcant difference in initial weight (t ϭ Ϫ0.238, df ϭ 28, P Ͻ 0.05), weight gain (t ϭ Ϫ0.849, df ϭ 28, P Ͻ 0.05), and percentage of weight loss (t ϭ 1.73, df ϭ 28, P Ͻ 0,05). However, there was a signiÞcant difference between the two concentrations for nonbubbling ßies in weight loss (t ϭ Ϫ2.18, df ϭ 28, P Ͻ 0.05) with those ßies that ingested 20% solution losing more weight.
Bubbling and nonbubbling ßies that ingested the 80% concentration had no signiÞcant difference in initial weight (t ϭ 1.79, df ϭ 18, P Ͻ 0.05), weight gain (t ϭ 0.241, df ϭ 18, P Ͻ 0.05), weight loss (t ϭ 0.0209, df ϭ 18, P Ͻ 0.05), and percentage of weight loss (t ϭ Ϫ0.0391, df ϭ 18, P Ͻ 0.05). The bubbling ßy and nonbubbling ßies that ingested 20% concentration had no signiÞcant difference in initial weight, (t ϭ 0.412, df ϭ 18, P Ͻ 0.05), weight gain (t ϭ Ϫ0.0840, df ϭ 18, P Ͻ 0.05), weight loss (t ϭ 0.0648, df ϭ 18, P Ͻ 0.05), or percentage of weight loss (t ϭ 0.0639, df ϭ 18, P Ͻ 0.05).
Osmolality. Data were based on 10 replicates of 1 l of solution and then multiplied by six to get the weight for 6 l of test solution. The average weight of 1 l of 80% concentration was 0.0013 g or 0.0078 g for 6 l. For 20% sucrose, 1 l averaged 0.0011 g and 0.0066 g for 6 l. The average osmolality for 80% sucrose concentration was 2953 mmol/kg and 695 mmol/kg for the 20% sucrose concentration. These values were found to be signiÞcantly different (t ϭ Ϫ261.9, df ϭ 18, P Ͻ 0.05).
Discussion
Bubbling Occurrence. The hypothesis for this study stated that ßies ingesting more dilute solutions would exhibit more bubbling behavior than those ingesting a less dilute solution. Results indicate the opposite correlation and do not support the theory of elimination of excess water loss to concentrate dilute solutions. Flies that ingested high volumes of a less dilute solution of 80% sucrose had a higher percentage of ßies bubbling (45%) than those ßies that ingested high volumes of a more dilute solution of 20% sucrose (5%). These percentages can be compared with bubbling occurrence results documented by Stoffolano et al. (2008) , in which adult male and female ßies were fed varying volumes of a dilute 0.146-M sucrose solution (Ϸ5% concentration) and 10.8% of ßies bubbled. Flies that ingested high volumes of 80% sucrose had a higher occurrence of bubbling than the ßies in StoffolanoÕs a Total number of ßies tested based on 9 replicates with various numbers of ßies ingesting 6 Ð10 l per replicate.
b Total number of ßies tested based on 8 replicates with various numbers of ßies ingesting 6 Ð10 l per replicate. study, and ßies that ingested high volumes of 20% sucrose had a lower occurrence of bubbling than ßies in StoffolanoÕs study. Bubbling occurrence did not increase in both high and low concentrations when only high volumes of solution were ingested. Also, ßies ingesting high volumes of 20% solution did not have a higher occurrence in bubbling compared with ßies ingesting various volumes of 5% sucrose solution. This suggests neither volume nor concentration of solution ingested is the only factor in bubbling behavior.
Average Number of Droplets and Duration of Bubbling. In addition to increased bubbling occurrence, ßies that ingested 80% sucrose solution and bubbled, had a higher average number of droplets than ßies that ingested the 20% sucrose solution and bubbled. Flies ingesting 80% sucrose solution averaged 37.9 droplets over 45 min compared with an average of one droplet over 1 min for 20% sucrose solution. If a time limit of 150 min was not set for the experiment, many of the ßies that ingested 80% sucrose solution and bubbled would have continued to bubble and the average number of droplets and average time of bubbling would have been even higher. The average number of droplets of this experiment can be compared with results by Stoffolano et al. (2008) , in which ßies were fed varying volumes of 5% sucrose solution and averaged 19.8 droplets. Average number of droplets and duration of bubbling did not increase in both high and low concentrations when only high volumes of sucrose solution were ingested. This suggests that neither increased volume nor increased concentration alone will increase number of droplets produced or duration of bubbling.
Weight Loss. Bubbling ßies that ingested the 80% sucrose solution had no signiÞcant difference in weight loss or percentage of weight loss compared with the ßies that did not bubble, but ingested the same solution. The only signiÞcant difference calculated in weight loss occurred between high and low concentrations for nonbubbling ßies with ßies ingesting 20% solution losing more weight. These results also do not support the theory of elimination of excess water loss to concentrate dilute solutions and the previous studies on bubbling conducted by Hendrich et al. (1992) , in which the rate of weight loss for nonbubbling ßies was signiÞcantly less than the rate of weight loss for bubbling ßies. However, several factors were different to this study, the species of ßy used was P. regina, there was a constant age and sex of ßies being tested, and only high volumes of sucrose solution were consumed by experimental ßies.
Osmolality. A signiÞcant difference in bubbling occurrence was observed when the concentration ingested in ßies was changed. Two factors involved with concentration that could be detected in the crop and could possibly initiate bubbling are the weight and osmolality of the solution ingested. Bubbling occurring because of changes in weight in the crop was not supported by the results in this study. Flies that ingested the same weight, or nearly the same weight, were not consistent with respect to whether they bubbled or not when both comparing ßies that ingested the same concentration or a different concentration of solution. Results, however, did support osmolality changes in the crop contributing to bubbling. The osmolality of each solution was calculated, and they were found to be signiÞcantly different. Furthermore, for this study, test ßies were fed a diet of 20% sucrose solution for two days and then starved the third day. Only one ßy bubbled that ingested 20% sucrose solution on the day tested, which could indicate that P. regina possibly detect changes in the osmolality of their recent diets.
Further Observations and Future Studies. Because the results of this study do not support the "dilute solution hypothesis" for male P. regina, future studies should re-examine other factors and explanations of how and why bubbling occurs. Experiments focusing on females at known physiological and reproductive stages should be done. A possible factor contributing to bubbling behavior that was supported by this studied was the osmolality of solution. The importance of male P. regina to detect changes in osmolality would be related to the regulation of blood sugar levels. Trehalose, the main carbohydrate in the blood of P. regina and other insects, is known as the energy source for ßight muscles. Trehalose is converted from glycogen in the fat body, and one possible source of glycogen is sucrose. This relationship between sucrose osmolality and blood sugar levels could account for the importance of resting time with bubbling behavior. Males that bubbled during the experiments were stationary for long periods of time before the onset of bubbling behavior, which is consistent with other bubbling behavior studies, and perhaps led to a higher level of sugar in the blood, such as trehalose, because it was not being expended.
Changes to blood sugar levels have been found to regulate crop motility in P. regina. Blood trehalose is increased by digestion of concentrated sugar into the blood and crop emptying slows down (Gelperin 1966 and 1971) . Also, Thompson (1975) linked a great ability of the crop to sustain crop contractions over time with the presence of sugars such as trehalose and glucose and indicated that a decrease or increase in concentration in the hemolymph caused a decrease or increase respectively in crop contraction rate. Blood sugar levels have been found to regulate crop motility in many other insects such as the honey bee, Apis mellifera L. (Roces and Blatt 1999) . The proventriculus of honey bees affects crop motility and seems to be under the control of blood trehalose and other blood carbohydrates (Roces and Blatt 1999) . In P. regina, the proventricular value could be affected in a very similar way. Blood-feeding dipterans, such as mosquitoes, are not known to bubble, which has been explained previously because they eliminate excess water through rapid diuresis (Stoffolano et al. 2008) . Another possible explanation for the absence of bubbling in blood-feeding dipterans is related to blood sugar. Crop regulation of blood sugar or osmolarity to the midgut occurs, but "glycogen and lipid are synthesized at the same time, and hemolymph levels remains steady," (Spielman and Wong 1974, Foster 1995) .
